maghemite [Hnrgraves et al., 1977; Hviid et al., 1997; Mudsen et al., 19991 and magnetite ititanomagnetite [Pollack et al., 1977; 20001 have both been proposed as the magnetic minerals present in the Martian dust/soil based on these data, leaving the bulk of. the iron in the Martian dust/soil in ferrous silicates or non-magnetic (probably nanophase) femc oxides'oxyhydroxides.
IMP Spectra
The Imager for Mars Pathfinder (IMP) has produced numerous spectra of specific soil units near the mouth of the Ares and Tiu flood channels [Smith et al., 19971 . Spectral analyses of laboratory soil analog materials and several soil units measured by the IMP showed that there are specific differences in the soils observed by Pathfinder that are attributed to differences in mineralogy and composition of the soils [e.g. Bishop et al., 1998d; Bell et al., 20001. Specifically, many of the soils are characterized by a smooth upward slope from 0.5 to 0.7 pm and a broad maximum near 0.75 pm. Some soil units have a stronger shoulder feature near 0.6 pm and some exhibit a weak, broad band near 0.9 pm. Variations in the chemical abundances of these soils indicate a good correlation of wt.% SO3 with the red/blue reflectance ratios [Bridges et al., 20011 . This suggests that the femc minerals responsible for the reflectance maximum near 0.75 pm are correlated with sulfates in the soils. Ratios of numerous spectral parameters have been performed and are summarized by BeN et QI. [2000] .
Spectral analyses, including determination of the TI and T2 band centers and calculation of crystal field parameters, of IMP soils and soil analogs enabled separation of groups of iron oxyhydroxide-silicate aggregates according to redox conditions and sulfate content [Bishop et a/.. 1998dJ . This study showed that the spectral character of many of the Martian soils measured by IMP contains a reflectance maximum near 0.8 pm that is consistent with nanophase fenic oxidesloxyhydroxides. It also demonstrated variability in the shape of the 0.6 pm shoulder feature that would be consistent with variable abundance of a sulfate (e.g. schwertmannite, jarosite) or goethite. If magnetite is also a soil component it could be responsible for weakening the -0.9 pm absorption characteristic of ferric oxides. Preliminary analyses indicate that adding the -6% maghemite estimated for the IMP soils [Hviid et al. 1997; Madsen et al. 19991 would not greatly alter the spectral character of these samples. Natural soils containing magnetite are darker than otherwise similar samples, exhibit a weaker 0.9 pn band and a broad, shallow absorption centered near 1.5 pm [Scheinost et al., 1998 ; Morris e? al., ZOOO]. Morris et QI. [2000] further observed that the finest size fractions of altered tephra become darker with increasing masnetic susceptibility due to the presence of magnetic Fe,Ti-oxides.
Terrestrial Alteration of Volcanic TephrdAsh
Recent studies of the fine-grained fractions of volcanic material indicate that there are multiple kinds of alteration processes taking place: palagonitic, pedogenic or solfataric alteration of volcanic tephra, ash or lava [e.g. Morris et al., 1993 Morris et al., , 1996 Morris et al., , 2000 Bishop et al., 1998a Bishop et al., , 2001 Schiffman et al., 2000, 20011. Long-term palagonitic weathering of volcanic tephra in a dry environment have been contrasted with the more rapid andor intense dfatetic or solfataric alteration in the vicinity of steam vents and cinder cones [Bishop et .kfurs Soil and Rock Alteration Model Bishop, Murchie, Pieters. Zent palagonitic tephra tend to contain poorly crystalline and/or nanophase minerals. A bright red tephra sample (250) collected from a cinder cone in the Haleakala crater basin is particularly interesting because it is extremely fine-grained (substantial fraction of <2 pm particles), magnetic and contains both jarosite and iron oxides/oxyhydroxides [Bishop et al., 1998a1. Additional jarositic tephra from Mauna Kea have been analyzed that do not contain iron oxides 
Model Outline
A model was developed that describes potential mechanisms of rock coating and duricrust formation on Mars [Bishop et al., 19991 . We acknowledge that the data available at this time are insufficient for unique determination of any given surface model and we are proposing this as one of many possibilities for consideration. This model states that (1) the -2 pm sized "dust" particles suspended in the atmosphere on M a r s are compositionally similar to the "soil" covering the surface of rocks and the ground in between rocks, (2) physical processes (e.g. wind, dust devils) primarily govern distribution, aggregation and disaggregation of the dust, soil and dust layers on rocks, and (3) chemical processes (e.g. chemical reactions of the sulfates with the femc oxide and silicate surfaces in the presence of water and/or redox reactions of Fe2"/Fe33 are primarily responsible for the formation of rock coatings and duricrust and that once formed, these chemical layers cannot be simply disaggregated by the wind. This model has been refined and expanded into the present form.
In this model volcanic steam vents and hydrothermal activity associated with volcanism are primarily responsible for the production of crystalline, Fe and S-bearing minerals such as hematite, maghemite/ magnetite, and jarosite/alunite. Evaporite deposits may be another source of sulfates and salt minerals. These minerals form in high concentrations (2 half of the composition of the altered ash) in specific locationsabundant, yet not ubiquitous. In contrast, palagonitic alteration of volcanic ash is more common and prevalent, and results in nanophase Fe oxide phases, poorly crystalline clays andor protoclays (e.g. allophane and immogolite), poorly crystalline grains of feldspar and pyroxene, and tiny glass particles. Aeolian mixing of these two alteration materials produces a non-homogenous but regionally similar, fine-grained material. [Smith and Lemmon, 1999; Tomasko et al., 19991, which was also observed at the Viking sites [Pollack et al., 19951. Evidence for aeolian distribution of dust particles on Mars has been observed in nearly every measurement/expenment suggesting that it is a pervasive surface process [Greeley et al., 19991. Metzger et al. [1999] estimated that a dust devil located on the southern flank of the South Twin Peak had a vortex 14 m wide by 230 m high and a ground speed of 0.5 ds.
The idea that these local dust devils could be disaggregating and suspending soil particles and redistributing them as 1-3 pn sized dust particles was presented by Bishop and Smith [1999] .
Here it is further suggested that there is a reversible interaction between these dust particles suspended in the atmosphere and the soil particles covering the surface. As long as the particles are kept in motion and are prevented from forming chemical bonds, they can be readily disaggregated andor redistributed. A diagram of this process is shown in Figure 1 , where particles can be transformed from atmospheric dust to drift and fiom atmospheric dust to physical rock coatings and back to dust again with the next dust devil or dust storm. According to our model these dust particles settle on the rocks to form physical dust coatings (a et al., 1987) . Fischer andPieters 119931 showed that an optically thin coating of finegrained femc particles on a dark neutral substrate (e.g. basalt) induces an increase in the visible/NIR region reflectance and the red/blue ratio, and produces femc absorption bands. Thin coatings of fine-grained, altered volcanic ash were also observed to influence the mid-IR reflectance and emission spectra of basaltic rocks (Crisp and Bartholomew, 1992; Johnson, 19991 . Crisp and Bartholomew [1992] found that a layer 25 p.m deep of fme-grained ash on basalt suppressed the silicate bands near 10 and 19 pn by about 50%. Based on these studies a layer as thin as a few microns is sufficient to induce measurable changes in the visible/NIR and mid-IR spectral properties of basalts. 
Guinness

Chemical Interactions
In contrast to physical aggregates of particles, chemical interactions of dust particles in the soil or on rock coatings form more permanent, cemented products. These are shown as irreversible pathways in Figure 1 . This process requires the formation of chemical bonds. These bonds can be broken again, but this would require a more active process than simply a dust devil.
The processes creating ventifacts on rock surfaces [Bridges et al., 19991, for example, would be sufficient to remove rock varnishes. Shown in Figure 2 are examples of the kinds of bonds that may be fonned when the physical dust layer is transformed into a chemically bound cemented soil or rock varnish. Sulfates or femc oxides/oxyhydroxides are likely to be the binding agents in these chemically bound materials.
Sulfate species are particularly reactive because of their polar nature, as are Fe3+ bearing phases because they readily accept electrons. For these reasons dust/soil particles containing ferric oxides/oxyhydroxides and jarosite/alunite would be particularly reactive. If these dust particles are allowed to remain undisturbed on the surfaces of rocks sufficiently long to enable chemical reactions between the ferric, sulfate and salt species and the primary rock minerals, then alteration rinds would form that would be resistant to dust devils or wind storms. Only minimal water is required for these chemical reactions (given long time scales), and this would be provided via atmospheric water ice particles. Evidence for these exists through diurnal variations in the atmosphere observed using data from the Viking orbiters The volcanic soil samples included in these mixtures contain a variety of poorly crystalline, altered phases including nanophase ferric oxyhydroxide particles, fine-grained sulfates, and silicates. These soil samples include both chemical and physical mixing of nanophase to micronsized particles. Shown in Figure 3 is an example of how these chemically and physically mixed particles may appear. All endmembers were dry sieved to e45 pm prior to mixing.
Chemical compositions were measured previously of the Fe-montmorillonite and volcanic soil endmembers. The approximate chemical composition of each mixture was determined by summing the relative proportions of the mixture components. This is given in Table 1 . The chemical composition for the magnesium sulfate used is based on the assumption that this salt was uncontaminated. The magnetic susceptibility of the mixtures was measured as in previous studies [e.g. Morris et al. 2000 Morris et al. ,2001 J and found to be on the order of what was observed for the dust at the MPF site, and slightly higher for Mix-2 than for Mix-1 (R.V. Moms, pers. comm.).
Reflectance Spectroscopy
Visible-infrared reflectance spectra were measured as described in previous experiments [Pieters, 1983; Bishop et al., 19951. Bidirectional visiblehear-infrared spectra were measured relative to Halon under ambient conditions at the Reflectance Experiment Laboratory (RELAB) at Brown University. Biconical infrared reflectance spectra were measured relative to a rough gold surface using a Nicolet 740 Fourier transform interferometer (FTIR) in a HzOand COZpurged environment. Composite, absolute reflectance spectra were prepared by scaling the FTIR data to the bidirectional data near 1.2 pm.
Hydration/dehydration Cycling Experiments
Wet/dry cycling experiments were performed on four samples: the two new mixtures described here plus each of the dominant endmembers for these mixtures. The samples were exposed to repeated cycles of dehydration and re-hydration in the laboratory. The samples were hydrated by adding about 500 pl of distilled, deionized water to the sample surface; re-hydration was performed by adding 100-300 p1 HzO. Dehydration was performed by drying the samples in air, in a desiccator and 6y heating at low temperature in an oven. These experiments were performed by pouring the freshly dry sieved (fluffy) mixtures into sample dishes 10 mm in diameter, where the samples remained for the duration of the experiment. The specific hydration history for the samples in this study included several steps: dehydration in a desiccator, hydration with H20, drying in air, dehydration in a desiccator, re-hydration with HzO, dehydration in a desiccator. tapping of the dishes in order to break the surface tension of the crust. re-hydration with 1 1 2 0 . heating in an oven for 1 hour at 50 "C. The degree of moisture used in these exptr11nents is more representative of past climatic regimes on Mars than the current one;
however. the crust-formation trends should be similar. The timescale for crust formation would \ J~T depending on available water and would require much longer using actual diurnal water variation levels and would thus be impractical for lab experiments.
Results -Composition and Spectroscopic Properties of Mixtures
Shown in Figures 4 and 5 are visibleMIR and mid-IR reflectance spectra of'the two new nixt ti ires and endmember components used in this study. The spectrum of the hydrated magnesium sulfate (MgSO4-7H20) is brightest in the visiblc/NIR region and the altered volcanic soils are the darkest. Soil Mix-l (364) is darker than its dominant iron oxyhydroxide-~nonrinorillonite endmember 11) and both the reflectance maximum near 0.75 pm and minimum near 0.88 prn are shifted towards shorter wavelengths from those of the iron oxyhydroxide-montinorillonite sample. Also the characteristic montmorillonite bands near 1.42, 1.91 and 2.20 pm are weaker and broader in spectra of soil Mix-I. Soil Mix-2 (365) is less noticeably changed from its dominant palagonitically altered volcanic soil endmember (248) .
Although the spectral features for soil Mix-2 are weak in this region, soil Mix-2 exhibits more pronounced features than palagonitic soil 248, including: the reflectance maximum near 0.78
uni. the retlectance minimum near 0.86 pm, and phyllosilicate absorptions near 1.4. 1.9 and 2.2 pili. Hydrated magnesium sulfate also has narrow bands in this region near 1.44 and 1.94 pm, as well as broad bands near 2.9-3.1 and 4.4-4.6 pm. Although the hydrated magnesium sulfate makes up only I0 wt.?40 of each mixture these are strong absorption features, so this component is likely contributing to the NIR spectral properties ofthe mixtures.
The mid-IR spectra are shown in Figure 5 in terms of wavenumber, in cm-I, in order to best show the spectral features and facilitate comparison with Thermal Emission Spectrometer (TES) spectra The hydrated magnesium sulfate spectrum has the strongest contrast in this region and the altered volcanic soils exhibit the least spectral contrast. All of the spectra have a water band near 1630-3650 cm-' (-6 .1 pm). The magnesium sulfate powder spectrum contains a strong band near 950 cm-' (-10 .5 pm) as shown in Figure 5 which is shifted to 1150 cm" (-8.7 pm) for cemented inagnes~utn sulfate [Cooper and Mustard, 2001 b] . Silicate bands are observed near 1075-1 150 cm-l (-9 pm) and 470-540 cm-' (-20 pm) for Mix-1, the iron oxyhydroxidemontmorillonite (1 1) and the Santorini soil (182) .
Comparison of the chemistry, mineralogy and spectral properties of the two soil mixtures prepared for this study shows that although they each are a mixture of related components, there are major differences. Mix-1 contains a large amount of smectite, while Mix-2 contains a very small amount of smectite. Mix-1 has a higher Si abundance and lower AI and Fe abundances compared to Mix-2, and Mix-1 also has a greater LO1 value which is consistent with smectites in this sample retaining more water than in Mix-2. Mix-1 has brighter reflectance in the visiblehear-IR region and stronger femc and phyllosilicate absorption bands, while Mix-2 has a more broad and rounded water band near 2.9-3.1 pm. In the mid-IR region Mix-1 exhibits more spectral contrast than Mix-2. bodies of water as the formation mechanism for the sulfate crusts because these units are not found in topographic lows. Their study suggests that the sulfate crusts are widely distributed on the planet, which is consistent with our model presented here.
Results
Results -Comparison with IMP Spectra of Martian Soils and Rocks
The bidirectional reflectance data were convolved to Pathfinder Multispectral data using the filter positions and band passes of Smith et al. [1997] . These re-sampled lab spectra of the initial particulate Mix-I and Mix-2 samples and the ground, cemented crusts of Mix-1 and Mix-2 are shown in Figure 8 . The ground cemented crust spectra for both the smectite-based Mix-1 and the palagonitic soil based Mix-2 are darker than their respective particulate spectra measured prior to hydratioddehydration exposure. This suggests that sample texture and the degree of binding of the individual aggregates in the dustlsoii particles contributes to the spectral brightness in this region. The bright, dark and disturbed Mars soil spectra are each an average of multiple IMP point spectra from bright, dark and disturbed soil deposits reported by Yingst et al. [1999] . The spectral character and composition of soils near the MPF lander have been described in detail by Bell et al. [2000] and Morris et al. [2000] . The Fe and S ratio of Mix-2 fall very close to the correlation line for Pathfinder soils reported in Fig. 39 of Morris et al.
[2000] and that of Mix-1 falls somewhat below the line.
Re-sampled lab spectra are also shown in soils in other studies also suggest compositional differences between the two sites.
Re-sampled lab spectra of the Mix-1 and Mix-2 cemented crusts and ground crusts are shown in Figure 9 along with IMP spectra of rocks near the MPF lander (from Barnouin-Jha et al.
[2000] and re-sampled lab spectra of a martian meteorite (from Bishop et al. [1998b,c] . "Black" rock exhibits fairly typical spectral properties in this region for the MPF site, with a few brigher rocks similar to "Shark" Bishop et al. I998b,c] . This band is much weaker in spectra of the MPF rocks and may be shifted towards longer wavelengths, which would be more consistent with a high-Ca
The spectrum of a ground portion of martian meteorite ALH 84001 is brighter than the ALH 83001 chip spectra and has a strong band near 0.93 pm and relatively high reflectance near 0.45 pm. The spectral character of this particulate ALH 84001 sample near 0.45 and 0.93 pm are \.cry unlike the martian soil spectra shown in Figure 8 . Rocks such as "Black" and "Shark" may exhibit different spectral properties fiom martian meteorites because they are mineralogically dissimilar or the rocks on Mars may be altered. Pyroxene and other minerals in these rocks may be weathered or the rocks may all contain coatings. Differences between the rocks "Black" and --Shark" and the rocks "Maroon" and "Orange" suggest that rock coatings are responsible for brighter reflectance in this region (especially for "Maroon"), a steeper slope fiom -0.5 to 0.7 pm and a stronger -0.9 pm band (especially for "Orange").
Spectra of the Mix-1 and Mix-2 cemented crusts ("B in Figure 9 ) are darker in this region than spectra of the respective ground crusts ("C" in Figure 9 ). A cemented rock coating formed from something similar to Mix-1, comprising 10-15 wt.% Fez03 as nanophase Fe3+ osyhydroxide in a silicate-sulfate matrix, could be responsible for the spectral features observed for the rock "Orange". A cemented rock coating containing schwertmannite or jarosite would also be consistent with the spectral properties of the rock "Orange" images which enables improved resolution [Parker, 19981. Directional drift deposits are clearly visible in this image. The material contained in these drift deposits is the fine-grained dust/soil particles transported by aeolian processes. Some of this drift material is blown up onto the upper portions of rocks and may be trapped in crevices or ventifacts where it is less fiee to be transported away by aeolian forces.
The cemented crusts shown in Plate 2 (A, B, C ) are terrestrial examples of what may be happening to the undisturbed ash deposits on Mars. Hardened crusts formed in laboratory experiments using fine-grained silicate-sulfate components described here and reported by Cooper und Mustard [2001] may also explain the "duricrust" and "hardpan" soil units observed by the Viking and Pathfinder cameras [Binder et al., 1977; Greeley et al., 1992; Smith et al., 19971. Sulfate transport through the ash particles during diurnal moisture cycling on Mars may be responsible for formation of the cemented soil units. Sulfate efflorescence to the sample surface can be seen in Plate 1 for soil Mix-2 after slowly dehydrating the sample in air and then in a desiccator. The lighter-colored ring along the outer surface of this sample is due to a higher concentration of sulfates. This was not observed for faster dehydration at 150 "C [Cooper and Mustard 2001 1. These observations suggest that a small amount of sulfate in dudsoil particles would become more concentrated at the sample surface through mild/slow moisture cycling. Therefore, the diurnal moisture cycling on Mars may force these sulfate components to sample surfaces where they would be more readily able to react with other particles. Recent results by Zent et al. [2001] evaluating the H20 adsorption kinetics on smectites found that the equilibration timescale for water vapor in smectites is too slow under martian early morning conditions. Their results suggest that the moisture is being adsorbed by another soil component.
Possibly sulfates or nanophase femc oxyhydroxides can adsorb H20 faster than smectites and could account for adsorption of the early morning moisture.
Model Summary
Observations fiom the Viking and MPF landers have shown that many of the rock surfaces have coatings/alteration rinds and that the particles suspended in the atmosphere have many properties similar to those of the cemented soil and drift. This model was designed to explain the chemical, magnetic and spectroscopic properties of the surface material on Mars and is based on 19 a combination of palagonitic and solfataric alteration processes associated with volcanism and may include sulfates and other salts from evaporite deposits. This model involves both physical interactions, such as aeolian winds and electrostatic charges on dry particles, and chemical interactions including reaction of the sulfate phases and salts with water provided either by the diurnal moisture variations over long time periods or by melting ice flows or other more speculative forms of water.
The idea presented here is that 1-3 pm diameter dusthoil particles on Mars contain fine-grained silicate particles, formed through palagonitization or other alteration processes, that are mixed via aeolian processes with reactive sulfate or oxyhydroxide phases, produced on Mars via sofataric or evaporitic processes. The products formed through these processes are not required to be located near palagonitically altered volcanic material. The dust storms on Mars are continually transporting mobile fines across the surface and creating dunes and would, according to this model, actively mix nanophase to micron-sized particles across vast regions of the surface of Mars. Over time these dust particles become somewhat homogenized, although it is assumed that there would be regional differences. This dust is then transported and converted into the drift and cemented soil units observed on the surface, as well as rock coatings and varnishes on horizontal rock surfaces. The corrosive agents in the dust particles react over time forming the cemented soils/crusts and rock varnishes. These processes would also modify the chemistry and mineralogy of the surface crusts and rock alteration rinds as some elements are leached out of the silicate matrices and less resistant minerals are altered.
Cemented crusts in this study were formed using a mixture of silicates, sulfates and nanophase oxyhydroxides that is dominated by smectites and another that is dominated by palagonitically altered volcanic soil. The smectite-based Mix-1 exhibited significantly greater changes in both its binding properties throughout the hydratioddehydration cycling experiments and in its spectral properties following grinding of the hardened crust than did the palagonitic soil-based Mix-2. The hydratioddehydration experiments showed that a smectite component is not required for cementation of potential Mars analog soils into crusted material. The less reactive palagonitic soil Mix-2 allowed transport of water and sulfate to the surface forming a thin crust at the upper -1 mm of the sample, while the more reactive smectite soil Mix-1 formed a cemented crust throughout the -4 mm sample depth. The high smectite crust was also much harder than the low smectite crust. Future experiments on cemented soils are required in order to 20 better characterize the influence of specific silicate and sulfate minerals on crust formation mechanisms. (B) is an image of a cemented deposit of altered volcanic ash on the island of Hawaii and (C) is an enlarged version of the broken crust pieces from (B) following scraping of the surface with a plastic trowel. The red bar is -1 meter long in (B) and
-10 cm long in (C) and the white box on (B) indicates the approximate region of image (C) prior to breaking the surface crust. The dark material is fine-grained (presumable less altered) volcanic ash. Shown in (D) is a super-resolution image of Barnacle Bill provided by T. Parker and modified after Metzger [2000] . Aeolian processes may redistribute these drift and rock coating deposits back into the atmosphere as dust particles or elsewhere on the surface. Chemical interaction of the dustlsoil particles in the drift deposits forms a hardened, cemented soil that can no longer be freely redistributed by aeolian processes. Chemical interaction of the dustlsoil particles deposited on rock surfaces forms a hardened rock varnish above a chemically leached layer of rock. endmembers. The mixtures are as described in Fig. 4 and in the text. Fig. 6 Reflectance spectra from 0.3 to 5 pm of two dust/soil analog mixtures (A) particulate samples of fine-grained aggregates passed through a 4 2 5 pn sieve, (E%) cemented samples hardened into crusts by adding H20 and drying, and (C) ground crusted samples that were passed through a <125 pm sieve. Fig. 7 Reflectance spectra fiom 400 to 2000 cm-' (5 to 25 p) of two dustlsoil analog mixtures ( A ) particulate samples of fine-grained aggregates passed through a 4 2 5 pm sieve, (B) cemented samples hardened into crusts by adding H20 and drying, and (C) ground crusted samples that were passed through a 4 2 5 pm sieve. Fig. 8 Extended visible region reflectance spectra of dustlsoil analog mixtures in comparison with Martian soil spectra. Versions (A) and (C) of Mix-1 and Mix-2 are the fluffy and re-ground particulate samples as described in the text and Fig. 7 . These data were convolved to Pathfinder multispectral data using the filter positions and band passes of Smith et al. [1997] . The bright, dark and disturbed soil spectra are averages of multiple IMP point spectra fiom bright, dark and disturbed soil deposits reported by Yingst et a2. [1999] . Fig. 9 Extended visible region reflectance spectra of analog mixtures in comparison with Martian rock and meteorite spectra. Versions (B) and (C) of Mix-1 and Mix-2 are the cemented crusts and re-ground particulate samples as described in the text and Fig. 7 . These data were convolved to IMP filter positions and band passes. The IMP spectra of martian rocks are from Bornouin-Jha et al. [2000] and the martian meteorite spectra are from Bishop et al. [1998b,c] .
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